Abstract: Label-free optical biosensing technologies have superior abilities of quantitative analysis, unmodified targets, and ultrasmall sample volume, compared to conventional fluorescence-label-based sensing techniques, in detecting various biomolecules. In this review article, we introduce our recent results in the field of evanescent-wavebased refractive index sensing and surface enhanced Raman scattering (SERS)-based sensing, both of which are promising platforms for label-free optical biosensors. First, silicon-on-insulator (SOI) nanowire waveguide and metallic surface plasmon resonance (SPR)-based refractive index sensing are discussed. In order to improve the detection limit, phase interrogation techniques are introduced to these types of sensors based on prism-coupled SPR and SOI microring resonators. A detection limit in the order of 10 −6 refractive index unit is achieved. Detection of 16.7 pM anti-IgG is also demonstrated based on the SPR devices. Second, SERS substrates based on various nanometallic structures are discussed. Metallic nanowire arrays and inverted nanopyramids and grooves with a thin metal surface are fabricated based on anisotropic wetetching of silicon substrates. Both structures have demonstrated a Raman signal enhancement on the order of 10 7 .
Introduction
Biosensors, which provide the ability to detect and study the presence of certain biomolecules from body fluids or environmental samples, have been widely used in applications such as disease diagnostics, drug development, food safety, and environmental monitoring [1] [2] [3] [4] . Because of the complexity of the biomedical samples, an ideal biosensor should have a low detection limit and a high specificity. The detection limit can be defined as the minimal quantity of the target analyte that can be detected by the sensor. The specificity means that the sensor should only be sensitive to the target analyte, while not responsive to other materials that might reside in the sample with higher quantities (orders of magnitude). In addition, multiplexability, high throughput, large dynamic range, and low sample volume are also important characteristics of a modern biosensor [5] . In general, the technologies behind a biosensor can be categorized into labeled detection and label-free detection. The former case is an indirect method, which relies on labeling the target molecule with, for example, a specific fluorescence tag [6] . The presence and the concentration of the target molecule can then be studied through measuring the fluorescence intensity of the modified sample. Despite being successfully adopted nowadays, such as in ELISA (enzyme-linked immunosorbent assay) tests [7] , labeled detection technology has several drawbacks, such as laborious and expensive processes [8] , difficulties in quantitative and real-time analysis [9] , and complexities in multiplexed sensing [10, 11] . On the other hand, in the label-free detection method, the target molecule is unlabeled, and it is studied directly through an optical, an electrical, or a mechanical transducer [12] . This type of unmodified and direct detection is not only easy to perform, but also facilitates a quantitative and kinetic measurement of molecules and the interactions between them. Highly multiplexed sensing chips with an ultrasmall sample volume are also made possible by state-of-the-art integration technologies [13] . There exist many different labelfree technologies [8, [12] [13] [14] [15] [16] . In this review, we will focus on two types of optical label-free biosensor chips based on, respectively, evanescent-wave-based refractive-index sensing [8, 13] and surface enhanced Raman scattering (SERS) [15, 16] .
An evanescent wave is an exponentially decaying optical field near the interface of two materials. The optical fields of a guided mode in the cladding layer of an optical waveguide are a typical evanescent wave [17] . In the evanescent-wave-based refractive index sensor, the target analyte is immobilized at the surface of a waveguide core through specific biomolecular interactions, which will result in a refractive index change of the cladding. The evanescent wave of a guided mode will feel this change, as well as the effective index of the guided mode, which will then be measured as the sensor response by using interference or resonance [18] . Using various interference structures, such as Mach-Zehnder [19] or Young interferometers [20] , detection limits of 10 −7 -10 −9 have been demonstrated. However, such a small detection limit is realized through a long interaction length between the optical mode and the analyte, typically in the order of millimeter or centimeter. In this case, the footprint of a single sensor device is large, which hampers sensing applications that require a low sample volume or a high throughput. It is also difficult to implement in the form of a large array. Resonant structures, on the other hand, provide not only a high sensitivity, but also the potential for densely integrated arrays or matrixes for multiplexed sensing [13, 21] .
The most common and well-developed optical evanescentwave-based resonant sensor is the surface plasmon resonance (SPR) device. The surface plasmon mode near a metal-dielectric interface exhibits a predominant evanescent wave in the dielectric [22] , which will greatly enhance the sensor response [21] . In recent years, highly integrated waveguide systems, such as those based on silicon-oninsulator (SOI) platforms, have drawn significant attention [23] . A sensor chip made on an SOI wafer can integrate hundreds of individual sensors, each of them with a small effective sensing area, which facilitates a small sample volume and highly multiplexed lab-on-a-chip system [13] . We have demonstrated an evanescent-wave-based nanosensor using a slotted SOI photonic crystal cavity with a parabolic-width stack. A sensitivity of 410 nm/RIU (refractive index unit) and a sensing footprint of 16.8 × 2.5 µm 2 have been achieved [24, 25] . As mentioned above, differ-ent interrogation approaches have been employed in order to measure the effective index change of the guided mode in an evanescent-wave-based sensor. The most common approaches are angular interrogation and wavelength interrogation for prism-coupled SPR sensors and integrated waveguide sensors, respectively [8] . We demonstrated that using phase interrogation instead can help to obtain an enhanced and more stable sensor response. A detection limit on the order of 10 −6 RIU has been achieved for sensors based on SOI microring resonators and prism-coupled SPR [26] [27] [28] . SERS was discovered about 40 years ago [29] , and has become a popular tool for molecular qualification, due to its ultrahigh sensitivity (down to a single molecule) and its high selectivity (capable of identifying analytes in a mixture without separation). Nowadays, the optical field enhancement on the metallic surface generated by localized SPRs and the chemical charge effect is commonly accepted as two major theoretical bases for understanding SERS. When the optical field, generated by localized SPRs, on metallic surfaces is limited in a very narrow volume such as nanogaps [30] [31] [32] [33] , nanocrevices [34] [35] [36] , and nanoslits [37] [38] [39] , the optical field in the spaces will be extremely enhanced. This effect is called the coupling effect [40] , and the effective area is called a "hot spot" [41] . This phenomenon will dramatically enhance the Raman scattering signal of the molecule, which is localized in the "hot spot" area [42] . In 1997, for the first time, SERS was implemented as a label-free technology for single molecule detection using silver nanoparticles [43] . Recently, there has been more interest seen toward realizing large-area, reproducible, and uniform SERS substrates. We developed INPGs and nanowire array structures for SERS with exceptional enhancement factor (EF), signal uniformity, and easy fabrication [44, 45] . Novel double-resonant nanostructures for enhancing not only the excitation light in SERS but also the scattered Raman signal light were also demonstrated [46] .
Evanescent-wave-based
refractive index sensing chips with microresonant structures
Conventional sensing scheme based on intensity signals
It is known that in an ideal and lossless resonant structure light can only exist at the resonant condition, for example, a single wavelength. However, such an ideal resonance is not practical since it cannot be excited. When the resonant structure is coupled to the outside world through, for example, a waveguide [13] or a prism [21] , this resonance can then be excited and measured. A resonant peak or dip will appear in measured intensity spectral curve. Because of this coupling loss, as well as the possible intrinsic losses resulting from radiation or material absorption, the resonance would be no longer at a single wavelength, but of a broader shape as shown in Fig. 1 . When the refractive index of the analyte changes, the resonant condition will shift correspondingly, which can then be used as the sensor response. Table 1 lists the performance of some resonance-based refractive index sensors. In prism-coupled SPR devices, where the SPR is excited when the wave vector of the excitation light matches the propagating constant of the surface plasmon mode, that is, the resonant condition, normally through a highrefractive-index prism [47] [48] [49] , the sensor response can usually be extracted through direct intensity measurement, or intensity spectrum by scanning the incident wavelength or angle. For improved intensity-interrogated SPR sensors, the detection limit has reached 10 −6 RIU.
Homola's group utilized polarization contrast with a spatially resolved functionalization combined with SPR imaging on spatially patterned multilayers to achieve a lower detection limit of 2 × 10 −6 RIU [50]. Lechuga's group combined the magnetoactivity of magnetic materials with SPR in a multilayer substrate to realize a detection limit of 5 × 10 −6 RIU [51] . For angular-interrogated SPR sensors, Thirstrup's group integrated holographic optical elements and utilized a diffractive grating to produce a parallel beam with an angular spectrum detected by a photodetector [52] . Such a system can resolve refractive index changes down to 5 × 10 −7 RIU. For improved wavelength-interrogated SPR sensors, Homola's group designed a platform with wavelength modulation and parallel channel architecture, where the polychromatic light reflected from different channels can be collected by different output collimators [53] . More recently, a detection limit of 2.5 × 10 −8 RIU has been attained by exciting a long range SPR and combing superluminescent diode with polarization-maintaining fibers [54] . Normally, for evanescent-wave sensors based on resonant devices, their ability to detect small refractive index changes, that is, the detection limit as mentioned above, can be expressed in terms of the ratio of the resonant wavelength change over the corresponding refractive index change, that is, nm/RIU (normally referred as sensitivity), as well as the sharpness of the resonance itself, typically described as the Q-factor [55] . To obtain a large [25] wavelength change for a certain refractive index change, the majority of the electric field should be confined to the areas with the target analyte. In order to distinguish this wavelength change, a high Q-factor resonator is always desired. The SPR devices discussed above can provide a high sensitivity due to the large overlap of the optical mode with the analyte. However, the Q-factor of the SPR is normally low (< 1,000) [47] [48] [49] [50] [51] [52] [53] [54] due to the high absorption loss resulting from the metal. All-dielectric resonant structures, which could intrinsically avoid this high absorption loss, have drawn great attentions in the recent years.
Microring or microdisk resonators are typical forms of such structure, which facilitate mass production, as well as multiplexed sensing in an array. Based on the SOI platform, De Vos et al. demonstrated an integrated chemical and biosensor using a 5 µm-radius ring addressed by two bus waveguides [56] . A cladding refractive index sensitivity of 70 nm/RIU was initially reported with a lower detection limit of 10 −5 RIU. By functioning the silicon surface for biosensing, avidin molecule with a concentration of 10 ng/mL is detectable by the device. Lately, the same group employed two SOI ring resonators with slightly different radii and the Vernier effect to increase the sensitivity to 2169 nm/RIU [57] . The detection limit of this doublering structure was expected to reach 8.3 × 10 −6 RIU. The SOI ring adopted in the previous example was of a moderate Q-factor (about 20,000). The record high Q-factor is, however, realized in the toroidal-shaped disk resonator made of silica [58, 59] . Using a selective reflow process, an ultrasmooth surface can be achieved on the resonator, which pushed the Q-factor up to the order of 10 8 with a disk of 80 µm radius [58] . With this device, a detection limit of 5 aM for interleukin-2 cytokine, as well as singlemolecule detection, was demonstrated [59] . However, this type of toroidal resonator was addressed through a tapered fiber, which is still not a fully integrated solution. Besides improving the Q-factor, researchers have also developed different ways to remove or compensate the noise of the intensities signals, which accounts for the major obstacle to further improve the detection limit of an conventional waveguide-coupled ring resonator. Iqbal et al. fabricated a sensor chip with 32 SOI rings as the sensing elements, where 24 rings were used for detecting different biomolecule and the rest eight for referencing [60] . A complex rapid scanning and interrogating platform was developed in order to address all the rings in real-time.
With this scheme, detection limits of 7.6 × 10 −7 RIU and 60 fM were achieved for bulk refractive index sensing and biomolecule sensing of streptavidin, respectively. On the other hand, Xu et al. adopted the wavelength multiplexing properties of the ring resonators [61] . By cascading rings of slightly different radii, five rings can be addressed at dif- ferent wavelengths with only one bus waveguide, which would potentially simplify the measurement system. A detection limit of 20 pM for proteins was demonstrated.
While the footprint of a ring resonator is still not compact (10 µm-100 µm), PhC, which consists of a periodic arrangement of materials with different dielectric constants, allows the realization of resonators where light is localized on scales comparable to the wavelength. Because of the development of fabrication technologies, PhC cavities with high quality factors up to 10 6 have been demonstrated [62] , with small mode volumes in the order of a cubic wavelength. Recently, one-dimensional PhC nanocavities [63] [64] [65] have attracted considerable interest due to properties such as their comparable quality factor with conventional two-dimensional PhCs, easy coupling with waveguides, and a small footprint. Mandal et al. used a serial of one-dimensional PhC cavities coupled to one bus waveguide based on SOI as a multiplexed sensor structure [66] . These PhC cavities have a slightly different cavity lengths, and thus the sensor elements can be addressed with different wavelengths, which is similar to the ringresonator case discussed in Ref. [61] . Yet, the footprint of such a PhC cavity is more than two orders smaller as compared to that of the ring. Although the Q-factor of the PhC cavity is not very high (~3000), a bulk refractive index detection limit of 7 × 10 −5 RIU was still demonstrated. We designed a one-dimensional PhC stack mode-gap cavity with a high Q-factor [24] . It consists of a simple periodic array of dielectric blocks. The widths of the dielectric blocks are quadratically modulated in order to introduce a defect into the photonic bandgap, as shown in Fig. 1(a) . The resonating mode can be optimized to be located close to the airband. Thus, the majority of the optical field is distributed in the low-index cladding. The parameters for the cavity are optimized to achieve a high sensitivity while maintaining a high Q-factor. The measurements showed that a sensitivity of 269 nm/RIU together with a Q-factor as high as 27,000 can be achieved [24] . As compared to the SPR devices, the sensitivity of a typical integrated resonator on SOI is still low, since the majority of the optical mode still resides in the highrefractive-index core material. Only a small portion of the mode, that is, the evanescent field, interacts with the cladding analyte. Through employing a slot waveguide structure, the evanescent field portion can be greatly enhanced in the low-refractive-index slot region [67] . A stronger light-analyte interaction can therefore be obtained. Claes et al. introduced a slot-waveguide based ring resonator on the SOI platform [68] . A 4-time and 3.5-time improvement for the bulk refractive index sensitivity and surface sensitivity to protein with respect to the normal SOI ring resonator was obtained experimentally, respectively. Combining the slot waveguide and photonic crystal structures, it is possible to construct a high-sensitivity resonant sensor with a small footprint. By using such a structure, Di Falco et al. designed a heterostructure cavity with a Q-factor of 50,000. A ultrahigh bulk refractive index sensitivity of 1500 nm/RIU was experimentally demonstrated [69] . However, such a high measure is partially due to the wetting of different solutions, which is difficult for practical applications.
We have also introduced the slot-waveguide structure in the aforementioned one-dimensional PhC cavity, as shown in Figure 1(b) [25] . The slotted stack cavity is formed by introducing a slot between two periodic arrays of dielectric stacks. The majority of the optical field is distributed in the slotted low-index area, and the light interaction with the analytes has been enhanced. By employing a parabolically modulated width stack without any reflected mirror, high Q-factor of 9200 has been achieved. As compared to the cavity discussed in Ref. [69] , the present slotted PhC cavity, due to the open geometry, makes the analyte access the slot area more easily, which effectively avoids the wetting problem. The measured transmission spectra for the cavity covered by NaCl solutions with different concentrations exhibit a sensitivity of 410 nm/RIU, which is 1.5 times the sensitivity for the one without slots. The small foot-print of the device (16.8 × 2.5 µm 2 ) also suggests a strong potential in on-chip biochemical sensing arrays.
Phase-interrogated resonance-based sensors
As discussed in the above section, the wavelength or angular interrogation method is conventionally used to measure the response in a resonance-based evanescent-wave sensor, which relies on the measurement of the intensity signal. This method is vulnerable to alignment accuracy and stability, wavelength scanning accuracy and repeatability, the resolution of the spectrum analyzer, etc., which will give rise to noise in the measured wavelength response [60] . Besides the intensity characteristics, it is known that the phase information around a resonance can also be used as the sensor signal. Figure 2 shows the intensity and phase transmission spectrum of an all-pass ring resonator under overcoupled regime [70] . One can find that the phase response of such a resonance shows a steep transition around the resonant wavelength. Such a phaseinterrogation method can efficiently shield the intensity noise sources and provide an ultrastable reading of the sensor response, and hence a better detection limit. This type of sensing scheme has been developed and applied to the SPR-based sensors. Wu et al. combined acousto-optomodulators (AOMs) with a common path heterodyne interferometer [71] . One of the AOMs can be excited at 40 MHz and another at 40.06 MHz in order to induce two linearly orthogonally polarized beams with a frequency difference of 60 kHz. After the two beam emerging into the heterodyne interferometer, the phase of SPR can be monitored. Yuan et al. studied a photoelastic modulator (PEM) based on ellipsometry [72] . Using the first and second harmonics of the modulated frequency, the polarization parameters and ellipse orientation angle can be measured directly. Shao et al. employed a liquid crystal modulator (LCM) in a wavelength-multiplexing phase-sensitive system [73] . LCM can be used to modulate the optical retardation for phase dithering, and the intensity response of the sensor surface can be captured simultaneously. Wu et al. employed the piezoelectric transducer (PZT) into the MachZehnder configuration to calculate the phase of SPR [74] . The PZT of the reference mirror can be driven by a sawtooth wave oscillating at 1.1 Hz, which produces aperiodic linear phase shift of more than 10 interference fringes. The phase of SPR was then monitored in real-time with a correlation software program. The bulk refractive-index detection limit of this scheme reached 5.5 × 10 −8 RIU. Law's group has integrated nanoparticles and immunoassay sensing into phase-interrogated SPR system to detect antigen in the fM range [75] .
In the above phase-interrogated SPR systems, the adopted phase modulators, including AOM, PZT, LCM, and PEM are expensive, and easily influenced by temperature and vibration disturbance. Recently, we have proposed a novel phase interrogation method employing a prism phase modulator (PPM) to modulate the polarization statue and the phase retardation of the incident light for SPR sensing [27, 28] . Compared with these modulators, PPM can offer high precision, strong stability, and low prices, which is desirable for the commercialization of SPR devices. The PPM utilizes an uncoated rotational rhombic prism to modulate the phase difference between p-and s-polarized light with total internal reflection eight times, as shown in Fig. 3 . The total phase difference φm can be calculated by subtracting the phase shift of p-polarized light propagating through the rhombic prism with that of s-polarized light [27, 28] . The phase difference φm can be modulated by scanning the incident angle θ on the prism. After modulation, the light is coupled into the SPR microfluidic chip through a coupling prism, and the ppolarized light would excite the SPR at the surface of the Au film of the chip at a certain incident angle, and this angle will shift when the refractive index of the media attached to the Au film changes. In this case, the reflected p-polarized light would be accompanied with an intensity attenuation together with a steep phase jump, similar to the case in the ring resonator as discussed in the previous section. On the other hand, the s-polarized light will be reflected normally by the Au film, showing a high reflection intensity and a smooth phase response. This s-polarized light is used as a reference similar to the laser wavelength lying away from the resonance discussed in the previous section. To extract the phase information of the SPR, the reflected p-and s-polarized light beams would interfere through a linear polarizing analyzer. The detected intensity signal I can be expressed as I = Ip cos 2 θp + Is cos 2 θs + 2 cos θp cos θs √︀ Ip Is cos(φspr + φm), where, Ip and Is are the intensities of the reflected p-and s-polarized light, respectively, θp and θs are the angles to the polarizer axis of the linear polarizing analyzer for the corresponding polarizations, and φspr is the phase induced by the SPR to the p-polarized light and is measured as the sensor response. The detected intensity signal I exhibits a typical sinusoidal response as φm is scanned (through scanning θ), and φspr, that is, the phase of the sinusoidal response, can be extracted through a curve fitting operation.
Two kinds of integrated microfluidic chips with SPR arrays were fabricated in order to fulfill the high throughput and multiplexed sensing requirement. One is com- posed of eight vertical channels and eight horizontal channels, as shown in Fig. 4(a) . Each channel is connected to an Fig. 4(b) . By utilizing the concept of a fluidic logic gate, one individual channel can be selected to work while the other channels are closed when applying pressure to the three main microvalves and four minor microvalves. As a result, 16 different samples can be analyzed simultaneously on the sensing chip. The detection limit test was carried out on the 8 × 8 microfluidic chip by choosing two vertical channels as a probe channel and a reference channel, respectively. Glycerine solutions with gradient concentrations from 0% to 2% were injected into the probe channel sequentially, while deionized water was injected into the reference channel. As a result, the sensor response φspr decreases gradually when the concentration is changed from 0% to 2%, as indicated in Fig. 5 . Since the initial coupling angle for exciting SPR was adjusted for the case when deionized water is in the probe channel, the SPR signal decreases most sharply when the concentration of the glycerine solution is low. The maximal sensitivity based on this PPMbased phase interrogation was 1.183 × 10 3 rad/RIU, which is associated with a detection limit of 7.61 × 10 −7 RIU [27] .
To demonstrate the biomolecular label-free sensing ability of the SPR microfluidic chips, we further tested the detection of several proteins, that is, anti-Angiogenin and anti-bovine IgG. In the first case, angiogenin was self-assembled on the Au spots. After that, the horizontal microvalves were closed and the vertical microvalves were opened to allow anti-angiogenin solutions with different concentrations of 3.12, 6.25, 12.5, 50, and 100 µg/mL to flow in separate channels. As indicated in Fig. 6(a) , the sensor response φspr decreased after the injection of anti-angiogenin solution due to the conjugation of antiangiogenin and angiogenin. Anti-angiogenin solutions with different concentrations can be clearly distinguished by reading the sensor response φspr after reaching their equilibriums. For the detection of anti-bovine IgG, the Au spots were first assembled with bovine IgG. After functionalization, anti-IgG solutions with concentrations of 2.5 ng/mL, 25 ng/mL, and 250 ng/mL were injected into the probe chamber sequentially in the same channel. Because of the combination between IgG and anti-IgG, the sensor response φspr decreased substantially after injecting the anti-IgG solution, and the decreasing speed became faster while the concentration of anti-IgG increased, as illustrated in Fig. 6(b) . The measured detection limit of anti-IgG was 2.5 ng/mL, or 16.7 pM [28] .
We have also extended the phase-interrogation method to the integrated resonance-based sensor chip [26] . An all-pass SOI ring resonator is adopted as the sensing element. Figure 7 (a) shows a picture of a fabricated SOI ring with a diameter of 40 µm, together with a coupling bus waveguide. A simple microfluidic channel is attached on top of the ring for delivering the analytes, as shown in Fig. 7(b) . In order to measure the phase, two laser beams at slightly different wavelengths are launched simultaneously in the bus waveguide. One is located close to the resonance, and the other is located away from it, Thioninacetate Holographic lithography, gratings [81] Au layer deposition SS Nano slit Au 10 nm 10
7 BT E-beam lithography, [45] Au layer deposition as indicated by the dash-dotted lines in Fig. 2 . A singlesideband generation technology can be used to generate such beams. When the resonant wavelength is shifted by the incorporation of the analyte, the imposed phase on the on-resonance laser will change rapidly, while that on the off-resonance laser will almost stay constant. In other words, the on-resonance and off-resonance lasers can be used as the sensing and the reference beams, respectively. The phase induced by the ring can be extracted through methods such as measuring the interference between these two laser beams using a coherent detection technology. It is worthwhile to note that a high-Q resonator is preferred in this case. As denoted in Fig. 2(b) , a high-Q resonator will provide a steeper phase transition around the resonance, and the sensing and the reference laser beams can be placed closer to each other, which makes the generation and detection of them easier. We refer to Refs. [26] & [76] for the detailed discussions about the measurement techniques.
To test the phase interrogation technology, aqueous NaCl solutions of various concentrations were used as the analytes, which were injected sequentially on top of the SOI ring through the microfluidic channel. The measured phase response of the ring is plotted in Fig. 8(a) , which matches well with the theoretical prediction using the parameters of the ring derived from the measured power transmission response. A maximal sensitivity of the present sensing device reaches 6 × 10 3 rad/RIU. To further investigate the stability of the sensing response, a kinetic measurement was also performed as shown in Fig. 8(b) . Due to the adopted phase interrogation technology and the shared light path between the sensing and the reference beams, most of the intensity noises were shielded. When the analyte concentration became stable, a stable phase reading with a typical 3σ noise of 0.015 rad can be obtained. Taking into account the maximal sensitivity of 6 × 10 3 rad/RIU discussed above, the detection limit of the phase-interrogation approach reached 2.5 × 10 −6 RIU.
SERS-based sensing substrates with metallic nanostructures

Large-area SERS substrates
In the past 40 years, numerous SERS substrates were developed and applied in abroad research fields. Table 2 lists the characteristic dimensions and SERS EF performance of some SERS substrates. The table also includes the fabrication method, the type of metal, SERS EF, and SERS characterization molecule used for testing the structures. Among them, metallic nanoparticals (MNPs) attracted much attention for its high SERS-performance and ease of synthesis. Coinage MNPs, such as Au, Ag, were synthesized with different sizes, shapes, and applied in biological analy- sis, chemical identification, and material area [42, [77] [78] [79] [80] . However, the application of such a SERS chip is largely limited by the aggregation and low reproducibility including the intensity spatial variations and sample-to-sample variations. Tian's group made a progress to avoid aggregation [78] , where they proposed a kind of shell isolated MNPs as smart SERS enhancing dust to keep the particles from agglomerating. In an early work by Freeman et al. [82] , MNPs immobilized on glass slides could reach a spatial variation of 5% to 8% in SERS efficiency. In the last decade, as the fast development of nanofabrication techniques such as electron beam lithography (EBL), nanostructrues with details below 10 nm could be fabricated successfully. These top-down methods soon became powerful tools in the study of SERS, because it allows researchers to fabricate complex metallic nanostructures with predesigned profiles with perfect position, which do not suffering from the aggregation and low reproducibility. It still gives us unprecedented opportunities to look much deeper into the essence of SERS. Many different kinds of ordered nanostructures have been carried out to improve the electric field enhancement at the position of hot-spot (and eventually the SERS effect) [33, [44] [45] [46] 81] . Utilizing the well-known anisotropic wet-etching of silicon, inverted pyramidal structures in micron-or nanoscale can be conveniently fabricated on the (100) single crystal silicon wafer. This type of inverted pyramidal structures have been studied intensively, and have been used for SERS for decades. For example, the most successfully commercialized SERS substrate, called Klarite [83] , consists of micron-scale inverted pyramidal structures. In order to further increase the SERS efficiency, we have fabricated nanoscale pyramidal structures with high density using EBL technology [34, 84] . A great SERS EF was obtained. However, the conventional fabrication method for inverted pyramidal structures results in a flat boundary area between the two adjacent inverted pyramids, which decreases the homogeneity of the SERS enhancement distribution on the substrate surface, since a flat metallic surface can only contribute slightly on enhancing the Raman signal. The EBL process is also not cost-effective for large-area substrates. Recently, we introduced an INPG structure on a single crystal silicon wafer in a large scale (100 µm × 100 µm) combining laser interference lithography (LIL), edge lithography, and anisotropic etching technologies, where the flat area can be effectively removed by introducing a nanogroove on it. The whole process starts with the conventional fabrication of the inverted nanopyramids as shown in Fig. 9 [44] . After the first step of wet anisotropic etching, the substrate underwent a thermal oxidation process where the pyramidal walls were oxidized with a proper thickness. Then the mask material was removed, and the flat surface between the two neighboring pyramidal holes was exposed. The substrate was immediately immersed in hot KOH for the second wet etching to form the nanogrooves. Figure 9 (e) shows a fabricated INPG structure. In the final step, an Au film of 50 nm was deposited on the substrate. The Raman measurement was applied using benzenethiol (BT) as a characterization molecule. BT is a widely used SERS characterization molecule since it has a relatively large Raman cross section and a limited number of well-studied Raman active vibrational modes. In addition, it does not fluoresce in the visible spectrum. The breathing vibrational mode of the benzene ring at 990 cm −1 was used for Raman signal mapping on the substrate in order to evaluate the Raman signal ho- mogeneity of the SERS substrate. As shown in Fig. 10(a) , one can find that the Raman signal of the BT molecule was dramatically enhanced on the fabricated INPG structure compared to that on a flat substrate. The calculated EF is 10 7 . The Raman mapping result shown in Fig. 10(b) demonstrates that the distribution of the SERS "hot spot" is homogeneous on the proposed substrate. Nanogap between metals is known as one of the best SERS structure since the coupled surface plasmon mode can be generated between the gaps if the gap distance is in the order of nanometers. As a result the Raman signal can be dramatically enhanced [22] . Scientists nowadays focused on how to fabricate this type of narrow nanogaps in a large-area SERS substrate. In 2005, Hui Wang et al., through casting the nanoparticles on a flat surface, formed high density adjacent nanogaps (less than 10 nm). The 
SERS EF greater than 10
8 was achieved on such a substrate [85] . However, there were still many defects on the substrate since the nanoparticles were self-assembly patterned. In 2010, Deng et al. used the holographic technology as the pattering technology [81] . By controlling the Au layer deposition, the nanogap between two nanogratings is well controlled with a width of 8.5 nm and a period of 350 nm, which provided a uniform SERS EF. It is also revealed that the polarization of the incident light will dramatically influence the SERS signal. Im et al. combined the photolithography with scarifying layer technology to fabricate a large-area SERS substrate with 7-nm nanogaps [32] . The SERS EF is in the order of 10 9 .
We employed a top-down process combining EBL, silicon anisotropic wet etching, and thin metallic film deposition technologies to fabricate high density metallic nanowire arrays with a well controllable wire-to-wire dis- tance, that is, the gaps, which are beneficial to obtain a uniform SERS efficiency [45] . The detailed processing is illustrated in Fig. 11 . First, triangular undercut grooves were fabricated on a (100) single crystal silicon substrate using similar fabrication steps for inverted pyramids as discussed in the previous section. The metallic nanowire array was subsequently realized, using vacuum deposition technology, on the surface of the SiN mask used for the wet etching. By controlling the thickness of the deposited metallic layer, the nanogap between the two nanowires can be well tuned and less than the feature size, down to 10 nm.
The enhanced optical field results from the coupled surface plasmon mode between two metallic nanowires can be optically characterized by using light absorption measurements. As shown in Fig. 12 , the reflectance minimum λ L (which is an indication of the excitation wavelength of the coupled surface plasmon mode) of the Au nanowire arrays with different periods λg of the wires and gaps g can be precisely tuned from 633 to 785 nm, where most of the Raman excitation laser sources reside (e.g. 532, 633, and 785 nm). In all cases, λ L red-shifts when g is decreased, which demonstrates a strong dependence of the couple-mode localized SPR on the nanogaps. A monolayer of BT molecules was self-assembled on the fabricated Au nanowire arrays shown in Fig. 13(a) , and was applied for characterizing the SERS properties. The Raman signals from the substrate show clear BT fingerprint vibrational modes at, for example, 416, 691, 994, 1018, 1068, and 1565 cm −1 as illustrated in Fig. 13(b) . The uniformity of the SERS effect was mapped using the 1068 cm −1 vibration mode, and the histogram of the integrated intensity is given in Fig. 13(c 
SERS substrates with double resonance structures
In the previous sections, typical plasmonic resonances among those nanostructures can provide efficient enhancements for the SERS process. Most of these enhancements work well for small wave-number Raman signals, that is, the Raman shift is small and the plasmonic resonance could cover both the excitation light and the Raman scattering signal. However, for larger wave-number Raman processes, the width of a common (single) plasmonic resonance is too narrow to cover both the excitation and scattered signals, which will hinder the performance of the SERS substrates. For example, the stokes line of C-H vibration is near 3000 cm −1 , while the typical resonance of a plasmonic structure could only cover the wave-number range below 1000 cm −1 .
To address the Raman enhancement at long wavenumbers, dual-resonance plasmonic SERS chip is proposed recently and quickly attracts much interest. Chu et al. demonstrated a multilayer structure that supports both the nonlocal surface propagating plasmon resonance and localized SPR modes [86] . By utilizing the hybridization between these two modes, dual enhancement peaks appear to provide enhancement to the excitation wavelength and the scattering wavelength simultaneously. However, the limited tunability of the two enhancement peaks by mode hybridization greatly hindered its applications. Later, another kind of dual-resonance structure consisting of a pair of mixed dimer was introduced [87] . Two types of dimer were fabricated alternatively on the substrate, each type of dimer dominates one distinct plasmonic resonance, therefore the resonance position could be controlled separately by changing the parameters of corresponding dimer. The mixed dimer substrate supports two localized SPR modes, but the hot-spots of the two modes are not exactly matched, which would decrease the Raman efficiency. To improve the performance of dual-resonance SERS substrate, we designed and fabricated an Au nanobowtie array directly on a uniform and optically opaque Au film as shown in Fig. 14(a) and 14(b) , which provides high independent tunability and spatially well-matched hot-spots for the two resonances [46] . A plane wave impinging on the chip with the electric field polarized along the bowtie axis would excite both the electric dipole binding resonance (EDBR) and the out of plane magnetic dipole resonance (MR). Correspondingly, two obvious dips in reflection spectrum could be detected (cf., Fig. 14(c) ) and strong field enhancement at both resonances can be observed (cf., Fig. 14(d) ). Superior to other dual-resonance structures [86, 87] , which utilize the coupling between nonlocal surface propagating plasmon resonance and localized SPR modes, the tunability of the resonance positions of the proposed structure has more freedom. We find that EDBR and MR can be tuned by the arm length and thickness of the bowtie, respectively. In addition, another advantage of our structure is the spatial overlap of the "hot spot" of both resonances, which is essential to the simultaneous enhancement of excitation and specific scattering lines. Three samples with different parameters were fabricated, and a poly-methyl-methacrylate (PMMA) layer is cladded over each sample, from which Raman signals were collected by a commercial Renishaw system to compare their performance. Here, the excitation wavelength is at 785 nm and the specific Raman signal under investigation is at 2960 cm −1 (which is one characteristic vibration line of PMMA), as indicated by the dashed purple and cyan lines, respectively, in Fig. 15(a) . One can see that, in Fig. 15(a) , sample B, which corresponds to the red curve, Measured Raman spectra of PMMA for the three structures in our experiment. The Raman signal with a wave number larger than the blue line position is magnified by four times for clarity. The black, red, and green spectra in (a) and (b) respectively correspond to structure A:
Adapted from Ref. [46] .
provides the best match between the two resonant peaks and the two lines indicating the excitation and Raman scattering wavelengths. As a result, in Fig. 15(b) , the corresponding measured scattering curve (red) exhibits the strongest Raman signal intensity at 2960 cm −1 .
Conclusions and Perspectives
We have introduced some silicon and metallic nanostructures as well as integrated chips including evanescentwave-based refractive index sensing chips and SERS chips.
On the growing requirement from the biological and agricultural societies, the optical technologies discussed in this review have been largely pushed toward practical and commercial label-free sensors in the recent years. Prism or grating coupled SPR sensors are probably the most successfully commercialized one, and have been studied to realize label-free interaction analysis in real-time. Biacore systems are the most widely used and excellent SPR sensors, which can characterize molecules in terms of specificity of their interactions, on and off rates (kinetics), and binding strength (affinity). Biacore can also provide sensitive and accurate concentration measurements. All the data from an interaction can be visualized from Biacore sensorgrams. Drug discovery and development, biotherapeutics, and life science research can be carried out based on this system. Rich et al. used Biacore 2000 and Biacore 3000 optical biosensors equipped with researchgrade CM5 sensor chip to measure drug/human serum albumin (HSA) interactions with high resolution [88] . However, Biacore system is an expensive platform. The SensiQ Pioneer ST breaks new ground and makes label-free SPR analysis accessible for any academic laboratory. SensiQ can provide high-data quality and exceptional performance for studying protein interaction kinetics, characterizing antibodies, and screening small molecules drug candidates. The SPR sensor for laboratory use are usually bulky and not suitable for field application. Spreeta sensors are one of examples of miniaturized SPR sensors. Particularly, the sensor module TSPR1K23 containing three channels which enables parallel detection. Hu et al. designed and validated a low cost and delicate SPR biosensor based on three-channel Spreeta TSPR1K23 to monitor the interaction between the hepatitis B surface antigen and the hepatitis B surface antibody [89] . Nowadays, most of commercialized SPR sensors are based on intensity or angular interrogation SPR because of simple optical platforms and brief software programs. However, few phasesensitive SPR systems can be founded in market mainly due to two difficulties: First, a stable and low-cost phase modulator have to be added into the optical platform. Second, phase-sensitive SPR sensor produces a very high sensitivity but companied with low dynamic range which limits to biological and chemical applications. On the other hand, as Raman signal is the information about molecular vibration, SERS is well recognized as a fingerprint technology for identifying the molecules. For bioapplications, SERS was mainly applied as identification technology like bacteria identification, intracellular signal tracking tag, label-free cell imaging. At an early stage, SERS was just applied on the bacteria surface for identifying the bacteria with different Raman signal. It is difficult to study the bacterium in quantity since all Raman spectra only reveal the vibration information about the molecules at the substrate surface [91] . Cowcher David et al. developed a nanoparticle-based SERS system to detect the bacteria expressed small molecule for the bacteria identification [92] . By incubating the cells with nanoparticles, the nanoparticles will diffuse into the cell and accumulate in the lysosomes [93] . However, not like nanoparticle systems, the solid-based SERS substrate could not get into the cell as free as nanoparticles. In most applications, the solid-based SERS was focused the organic molecule [32, 44, 45, 81] and bacteria identification [94] [95] [96] [97] . Yamazoe et al. first applied a gold nanocoral structure which is solid-based transparent boehmite for visualizing the ischemic core of mouse brain without labeling and pretreatment of the tissue [98] . This work opened a new window for label-free tissue imaging using large scale solid base SERS substrate.
Recent progress in nanofabrication and integration technologies enables the development of highly sensitive, multifunctional, and stable platforms for optical labelfree sensing. Although many challenges exist, the lab-ona-chip system integrating the discussed refractive index and SERS sensing technologies together with optical signal generation, spectroscopes, optical detection, and microfluidics would be an important direction of research to pursue in the near future. Because of the joint and multidiscipline efforts from optics, chemical, and biology, as well as research institutes and industries, we could expect that portable, cheap, standard, and easy-to-handle optical label-free biosensing devices employing lab-on-a-chip systems would play important roles in future health care, food safety, and environment monitoring.
